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SUMMARY 1 B23/nucleophosmin was identified in vitro as a stimulatory factor for 2 replication of adenovirus (Ad) DNA complexed with viral basic core proteins. In the 3 present study, we have studied the in vivo function of B23 in Ad life cycle. We found 4 that both the expression of a decoy mutant derived from Ad core protein V that tightly 5 associates with B23 and siRNA-mediated depletion of B23 impede the production of 6 progeny virions. However, B23 depletion did not significantly affect the replication 7 and transcription of the virus genome. Chromatin immunoprecipitation analyses 8 revealed that B23 depletion significantly increases the association of viral DNA with 9 viral core proteins and cellular histones. These results suggest that B23 is involved in 10 the regulation of association and/or dissociation of core proteins and cellular histones 11 with the virus genome. In addition, our results suggest that proper viral chromatin 12 assembly regulated in part by B23 is crucial for the maturation of infectious virus 13 particles. 14 15 INTRODUCTION 1 Adenovirus (Ad) is an icosahedral particle with linear double-stranded DNA of 2 approximately 36,000 base pairs in length. The linear DNA is covalently linked with 3 virally coded terminal proteins and condensed with viral basic proteins Mu, VII, and 4 V, thus forming a chromatin-like structure termed Ad core/Ad chromatin (Anderson 5 et al., 1989; Black & Center, 1979; Chatterjee et al., 1985) . Protein VII, a 19 kDa 6 basic protein, is the major component of Ad core and most tightly associated with the 7 Ad genome (Sung et al., 1983) . Protein V associates loosely with Ad DNA and forms 8 an outer shell around Ad core to link it with the capsid through a dimer of polypeptide 9 VI (Brown et al., 1975; Chatterjee et al., 1985; Fedor & Daniell, 1983) . The virus 10 genome is thought to be packed around the hexamer of core protein VII, and each unit 11 of viral DNA-VII hexamer complex is bridged by core protein V (Dery et al., 1985; 12 Sung et al., 1977) . 13
Infecting virus particles are disassembled in the cytoplasm stepwise after 14 penetration through endocytosis, and Ad core enters into the nucleus through nuclear 15 pore complexes (Greber et al., 1996; Martin-Fernandez et al., 2004; Nakano et al., 16 2000; Trotman et al., 2001) . During entry of the virus genome into the nucleus, core 17 protein V seems to be dissociated from viral chromatin. Thus, viral DNA associated 18 with core protein VII functions as a template for viral early gene transcription and 19 DNA replication in the infected cell nucleus (Chatterjee et al., 1986; Haruki et al., 20 2006; Xue et al., 2005) . However, it was reported that core proteins function as a 21
repressor for transcription and replication in vitro (Johnson et al., 2004; Matsumoto et 22 al., 1995; Nakanishi et al., 1986) . Therefore, it is suggested that core proteins are 23 either released or remodeled after entry into the host nucleus (Chen et al., 2007; 24 Matsumoto et al., 1993; Matsumoto et al., 1995; Spector, 2007) . Histones may 25 chromatin assembly/disassembly (Okuwaki et al., 2005; Okuwaki et al., 2001b) , and 1 nucleo-cytoplasmic trafficking (Adachi et al., 1993; Yu et al., 2006) . Two splicing 2 variants of B23, B23.1 and B23.2, which differ only in their C-terminal regions, are 3 expressed in a variety of growing cells. Both B23.1 and B23.2 contain highly acidic 4 domains, while the C-terminal region unique for B23.1 is essential for its RNA 5 binding activity. Recently, we have shown that B23 interacts with Ad core protein V, 6 VII, and pre-VII, and may have a role as chaperone in the assembly of core proteins 7 into Ad core (Samad et al., 2007) . However, an in vivo role(s) of B23 in the Ad life 8 cycle has not been clarified yet. Here, we developed a decoy molecule for the 9 interaction between B23 and core protein V based on the analysis of their interaction 10 domains. Furthermore, we studied the effect of siRNA-mediated knock down (KD) 11 of B23 on Ad proliferation. Perturbation of the B23 function either by over-12 expression of the decoy molecule or KD was shown to impede the Ad proliferation 13 without significant inhibition of viral DNA replication or viral late gene expression. 14 However, ChIP experiments indicated that the association of both core proteins and 15 cellular histones with viral DNA was significantly increased upon B23 KD. 16
Altogether, the results suggest that B23 is required for maintenance of the proper 17 adenovirus chromatin structure. 18
19

RESULTS 1
Domains of core protein V required for its interaction with B23 2
Recently, we have shown that B23 interacts with Ad core proteins V and VII 3 (Samad et al., 2007) . However, the function of B23 in Ad proliferation has not yet 4 been clarified. To gain additional insight into the in vivo function of B23, we have 5 designed a decoy molecule based on the analyses of interaction domains between B23 6 and core protein V. First, we determined the domain of core protein V required for 7 the interaction with B23. Core protein V contains lysine-and arginine-rich basic 8 clusters in its N-and C-terminal regions. We have postulated that core protein V 9 interacts with B23 through these basic clusters, as it has been shown that the acidic 10 region of B23 is essential for its function (Okuwaki et al., 2001a) . To test this 11 hypothesis, we constructed a series of deletion mutants as shown in Fig. 1A . and Flag-tagged core protein V mutants were co-expressed with HA-tagged B23.1 in 13 293T cells, and immunoprecipitation assays were carried out with anti-Flag antibody. 14 HA-B23.1 was co-immunoprecipitated with full length core protein V (Fig. 1B , lane 15 10). The mutants, V(1-313) and V(44-369), lacking the C-and N-terminal regions, 16 respectively, similarly bound to HA-B23.1 (Fig. 1B , lanes 11 and 12). However, the 17 mutants, V(44-313) and V(79-313), lacking both N-and C-terminal basic clusters 18 showed virtually no ability to interact with HA-B23.1 (lanes 13 and 14). In contrast, 19 the N-and C-terminal fragments, V(1-78) and V(314-369), respectively, efficiently 20 co-precipitated HA-B23.1 (lanes 15 and 16). These results indicate that both N-and 21 C-terminal regions are involved in the interaction between B23 and protein V, and 22 these fragments are good candidates for decoy molecules for its interaction with B23. 23
24
Inhibition of infective virus production by B23 decoy molecule 25
We hypothesized that over-expression of these domains would interfere with 1 the function of B23 in Ad proliferation if B23 is involved in Ad life cycle. To test 2 this, HeLa cells were transfected with either GFP-empty vector or vectors for the 3 expression of GFP-V, GFP-V(1-78), GFP-V(79-313), and GFP-V(314-369), and 4 super-infected with HAdV5 at 20 hours after transfection. At 24 hpi, progeny virus 5 particles were collected, and the infectivity titer was examined as described in 6
Methods (Supplemental Fig. 1 and Fig. 1 ). Results demonstrate that the over-7 expression of GFP-core protein V, GFP-V(1-78), and GFP-V(314-369), but neither 8 GFP alone nor GFP-V(79-313), inhibited the production of infectious virus particles. 9
These results suggest that the mutant proteins that tightly associate with B23 inhibit 10 the infectious virus production. It was further demonstrated that the co-expression of 11 exogenous B23 with GFP-V(1-78) ( Fig. 1D ) rescued the negative effect of GFP-V(1-12 78). These results support the idea that V(1-78) functions as a sort of decoy for the 13 interaction between B23 and core protein V, and the impairment of this interaction 14 decreases the progeny virus production level. 15
16
B23 knock-down (KD) inhibits the production of infective viral particle 17
To further show that B23 is involved in Ad proliferation, we decreased the 18 cellular B23 level using siRNA specific for B23.1. Although both B23.1 and B23. B23.1 siRNA decreased the cellular B23.1 protein level but not β-actin, whereas 25 control siRNA had no effect ( Fig. 2A ). The expression level of nucleolar proteins 1 such as nucleolin and fibrillarin were found to be unchanged upon B23 knock down 2 (KD) ( Fig. 2B ). To examine the effect of B23 KD on Ad proliferation, control 3 siRNA-and B23 siRNA-treated HeLa cells were infected with HAdV5. We first 4 examined the effect of siRNA treatment on the localization of viral proteins (Fig. 2C) . 5
In control siRNA-treated cells, DBP was concentrated in nuclear foci and core protein 6 VII distributed throughout nuclei at 24 hpi. As previously reported (Hindley et al., 7 2007; Matthews, 2001) , the nucleolar localization of B23 was slightly suppressed 8 upon Ad infection, and B23 was partially co-localized with core protein VII but not 9
with DBP. We also demonstrated that the localization patterns of DBP and core 10 protein VII were not significantly affected by B23.1 siRNA treatment. At 24 hpi, the 11 supernatant fraction containing progeny virus particles were collected, cleared by low 12 speed centrifugation, and then examined for the infectious titer ( Fig.2D ). The 13 production of infectious progeny virus particles from B23 KD cells were decreased to 14 approximately 50 to 60% of that from control siRNA-treated cells ( This result suggests that B23.1 is not essential but plays a crucial role in Ad virus 19 production, and/or other cellular factor(s) could also be involved (see Discussion). 20
Next, we investigated whether the effect of B23 KD on Ad virus production could be 21 rescued by B23 over-expression. At 36 hours after introduction of control or B23 22 siRNA, cells were transfected with either empty vector or vector encoding HA-B23.1. 23
Cells were then infected with Ad at 24 hours after transfection of plasmid DNA, and 24 the production of progeny virus particles was examined. The expression level of 25 exogenous HA-B23.1 is shown in Fig. 2F . Over-expression of B23.1 in control cells 1 slightly inhibited the infectious progeny virus production ( Fig. 2D ), although this 2 result was not statistically significant. Importantly, the exogenous expression of 3 B23.1 counteracted the negative effect of B23 siRNA-mediated KD on the progeny 4 virus production. These results support the idea that B23.1 plays an important role in 5 the production of infectious virus particles. 6 7 B23 KD has no significant effect on viral DNA replication and late gene 8 expression 9
Given that B23 KD decreased the production of infectious virus particles, it was 10 highly expected that this inhibition might be due to the interference with viral DNA 11 replication. To test this notion, control or B23 siRNA-treated HeLa cells were 12 infected with Ad and the amplification of viral DNA at 12, 18, and 24 hpi was 13 examined by quantitative PCR using a primer set specific for Ad DNA (Fig. 3A) . 14 Because the amount of Ad DNA was increased as a function of incubation periods 15 after infection and the amplification of DNA is strongly inhibited by hydroxyl urea 16 (HU), it is confirmed that the PCR products detected under the condition employed 17 here correspond to the amounts of the viral DNA. Surprisingly, no significant 18 decrease in the amount of viral DNA upon B23 KD was observed ( Fig. 3A ). We also 19 examined the effect of B23 KD on the late gene expression. The expression level of 20 the late gene was examined by western blotting with anti-pVII and anti-V antibodies 21 ( Fig. 3B ) and RT-PCR with primer sets for mRNAs of the major late promoter and 22 pVII (Figs. 3C and D). Consistent with the fact that the late gene transcription 23 depends on viral DNA replication, the expression level of late genes was strongly 24 inhibited by the presence of HU. We did not find any significant decrease in both 25 mRNA and core proteins expression levels upon B23 KD (Figs. 3B-D). These results 1 indicated that B23 plays a crucial role(s) in progeny virus production at a step(s) later 2 than virus genome DNA replication and mRNA synthesis. Since Ad genome 3 replication completely depends on viral early gene products, we could exclude the 4 possibility that B23 is involved in the early gene transcription. 5 6 B23 regulates the amounts of core proteins and cellular histones on the Ad 7 genome 8
Our biochemical data suggested that the Ad core proteins forms aggregates with 9 viral DNA when mixed directly, and B23 dissociates the aggregation between DNA 10 and core proteins (Samad et al., 2007) . In addition, we demonstrated that B23, as a 11 histone chaperone, regulates the histone density around the rRNA gene region in 12 uninfected cells (Hisaoka et al., 2010). Therefore, it is possible that B23 KD affects 13 the virus genome chromatin structure in infected cells. To test this possibility, we 14 examined whether B23 is associated with the virus genome in infected cells. HeLa 15 cells were infected with Ad, and at 20 hpi cells were cross-linked with formaldehyde 16 and then sonicated to release chromatin. The average size of DNA purified from 17 chromatin fragments was <1 kb (data not shown). The extracts were subjected to 18 immunoprecipitation with antibodies against core proteins V, VII, or B23. We found 19 that B23 associates with the virus genome (the VA gene region) as do core proteins V 20 and VII (Fig. 4A ). We examined the association of B23 with the virus genome using 21 primer sets as shown in the bottom panel of Fig. 4B . Next, we assessed the amounts 22 of core proteins and cellular histones on the virus genome with ChIP assays using 23 cells treated with control and B23 siRNAs. HeLa cells treated with siRNAs were 24 infected with HAdV5 at an MOI of 10. At 20 hpi, cells were subjected to ChIP assays 25 as described above. Five different primer sets as shown in Fig. 4B were used to 1 examine the amounts of core proteins and histones on the Ad genome. In B23 KD 2 cells, the association of both core proteins V and VII with viral DNA were found to 3 be increased in all regions tested (Figs. 4C and D). We also found that the association 4 of histone H3 along the virus genome is increased (Fig. 4E) . 5
We also examined whether the amounts of core proteins and histone H3 on the 6 virus genome increased by B23. At 24 hours post transfection, the medium was replaced, and cells were harvested 8 after 60 hours post siRNA transfection. Total HeLa cell lysates were prepared, and 9 proteins were separated through 10% SDS-PAGE and detected by western blotting. 10
To examine the effect of B23 KD on the virus production, control and B23 siRNA-11 treated HeLa cells at 60 hours post transfection were infected with HAdV5 at an MOI 12 of 10. After 24 hours, the culture medium was recovered and examined for virus titer 13 as described above. 14 15
Immunnofluorescence assay 16
Indirect immunofluorescence assays were carried out essentially as described 17 previously (Haruki et al., 2006) . Briefly, cells grown on cover slips (15 mm; 18 Matsunami) were fixed with 4% paraformaldehyde in PBS for 10 min at room 19 temperature (RT) and then treated with 0.5% NP-40 in PBS for 5 min at RT. After 20 blocking with 5% nonfat milk in TBS-T, samples were subjected to 21 immunofluorescence analyses using antibodies described above. 
ChIP assays 24
ChIP assays were carried out according to the manual of ChIP assay kit (Millipore) 1 with anti-core protein V, pVII, B23, and histone H3 antibodies. The amount of 2 immunoprecipitated DNA was determined by qPCR as described above. The reaction 3 condition was described previously (Komatsu et al., 2011) . The following primer sets 4 were used; 5'-GGGTCAAAGTTGGCGTTTTA-3' and 5'- 
